We establish a relation between the Raman response function and the electronic contribution to the nematic susceptibility within the spin-driven approach to electron nematicity of the iron based superconductors. The spin-driven nematic phase, characterized by the broken C4 symmetry, but unbroken O(3) spin-rotational symmetry, is generated by the presence of magnetic fluctuations associated with the striped phase. It occurs as a separate phase between TN and Ts in systems where the structural and magnetic phase transitions are separated. Detecting the presence of nematic degrees of freedom in iron-based superconductors is a difficult task, since it involves measuring higher order spin correlation functions. We show that the nematic degrees of freedom manifest themselves in the experimentally measurable Raman response function. We calculate the Raman response function in tetragonal phase in the large N limit by considering Aslamazov-Larkin type of diagrams that contain a series of inserted fermionic boxes that resemble the nematic coupling constant of the theory. These diagrams effectively account for collisions between spin fluctuations. By summing an infinite number of such higher order diagrams, we demonstrate that the electronic Raman response function shows a clear maximum at the structural phase transition. Hence, the Raman response function can be used to probe nematic degrees of freedom.
I. INTRODUCTION
Iron-based superconductors show rich phase diagrams, with the high-temperature superconducting dome being in the close proximity to an antiferromagnetic striped phase that sets in at a temperature T N 1 . In addition, a structural phase transition at T s , from the high-temperature tetragonal phase into an orthorhombic phase, has been shown to closely follow the magnetic transition: T s ≥ T N 2-5 . It was proposed that spin-fluctuations, associated with the striped phase, lead to emergent electronic nematic degrees of freedom at higher temperatures 3, [6] [7] [8] [9] . These electronic nematic degrees of freedom then couple to the lattice and induce the structural phase transition to the ortorhombic phase [10] [11] [12] . There are several strong evidences for an electronic nematic state: resistivity-anisotropy measurements 13, 14 and the measurement of the elastoresistance 15 , the observed anisotropies in thermopower 16 , the optical conductivity 17, 18 , the torque magnetometry 5 , and in STM measurements 19 . Measurements of the elastic constants showed the shear modulusis strongly softened in the high temperature tetragonal phase 12, [20] [21] [22] [23] . A theoretical analysis 12 based upon nematic fluctuations due to a strong magneto-elastic coupling showed that the inverse shear modulus is proportional to the susceptibility of the nematic order parameter χ nem , which diverges at the structural phase transition, explaining the softening of the shear modulus. The most direct evidence for the magnetic origin of nematicity so far is the scaling of the shear modulus and the NMR spinlattice relaxation rate, seen in iron-pnictides 20 . An interesting open issue in this context is the lack of such scaling behavior in iron-chalcagonides 24 .
A relation between nematicity and the Raman response of iron based superconductors was already studied in Ref. 25 , and in Ref. 26 where the Kramers-Kronig transform of the Raman response was compared with the shear modulus. Here we demonstrate, based on an explicit microscopic theory, that the low frequency Raman response in B 1g channel is given by
where R 0 (ω) stands for the leading order Aslamazov-Larkin diagram, χ mag magnetic susceptibility, andg the dynamic nematic coupling constant of the theory. On the other hand, the susceptibility of the nematic order parameter of our model, in the large N limit is given by
where in the pure electronic theoryg = g stat . This would lead to the divergence of the Raman response function at the structural phase transition. However, one needs to include the effect of the lattice 21 in order to analyze this problem. We do so by introducing nemato-elastic coupling and find that, in this case,g stat =g+ γ 2 el c 0 s is shifted 27 . Here γ el is the elasto-nematic coupling constant, and c 0 s the bare value of the orthorhombic elastic constant. We show that when magnetic and structural phase transitions are split 2, 4, 5 this leads to a maximum of the amplitude of the electronic Raman response function at the structural phase transition, in agreement with the recent experiments 28 . Raman response function could then be used to probe the dynamic excitation spectrum of the nematic degrees of freedom, similar to inelastic neutron scattering that probes the dynamic spin excitation spectrum.
We start from the spin-driven scenario for the nematic phase, in which magnetic fluctuations stabilize a nematic phase, characterized by broken C 4 symmetry. The Raman response function measures electronic density-density correlator weighted by appropriate form factors. Since electrons interact with spin fluctuations, the latter will manifest themselves in the Raman response function in the form of corrections to the electron self energy and the Raman vertex, formally expressed in terms of Aslamazov-Larkin diagrams 30 . We show that the leading order Aslamazov-Larkin (AL) diagram disappears for the B 2g symmetry of the form factor, but not for the B 1g symmetry, in agreement with the experiment 26, 28 . However, this leading order approach cannot account for the rapid increase in the amplitude of the Raman response function as one approaches the structural transition, as seen in the experiments of Refs.26,28. Instead it would predict a similar increase only at the magnetic phase transition. Therefore, we go beyond the leading order approximation, and take into account collisions between spin fluctuations that become more and more important as one approaches the nematic / structural transition. Our approach is based on the exact same collisions between spin-fluctuations that led to the emergence of spin-induced nematicity in the first place. Formally this is accomplished by inserting a series of quartic paramagnon couplings, mediated by electronic excitations, into the Raman response function. Such quartic couplings contain a product of four fermionic Green functions and give rise to a peak of the electronic Raman response function at the structural phase transition. In summary, we have explicitly shown that the spin-nematic scenario can explain the Raman data, as was proposed in Ref. 29 .
The paper is organized as follows. In Section II we present the microscopic model for the spin-driven nematic phase. We calculate the effective action and analyze it in the large N limit. We derive the condition for the susceptibility of the nematic order parameter to diverge, following reference 7. In Section III we show how to calculate the Raman response function using a diagrammatic approach. We first calculate the leading order Aslamazov Larkin diagram, as has previously been done in Ref. 30 and show that it vanishes in B 2g channel, but remains finite in B 1g channel. We then calculate higher order diagrams that take into account collisions between spin-fluctuations. Finally, after summing an infinite number of these higher-order diagrams within a controlled 1/N expansion, we show that the maximum of the Raman response function occurs when the nematic susceptibility diverges, i.e. at the structural phase transition. We present our conclusions in Section IV.
II. MICROSCOPIC MODEL: SPIN DRIVEN NEMATICITY
Two different approaches have been proposed in order to explain the origin of nematic phase in pnictides and its relation to the magnetic phase -the orbital scenario [31] [32] [33] [34] [35] [36] and spin-driven nematic scenario 3, 6, 7 . For a discussion of these approaches see for example Ref 6 . Here we follow approach of a spin-driven nematic state. In this scenario, the nematic phase is stabilized by magnetic fluctuations that are associated with the stripe density wave (SDW) phase. The order parameter of the SDW state 37 can be characterized by an O(3) × Z 2 manifold 38,39 -O(3) is the spin-rotational symmetry and Z 2 a discrete symmetry associated with the choice of the ordering wave-vector, Q X = (π, 0) or Q Y = (0, π). Let the two order parameters associated with these two ordering wave vectors be ∆ X and ∆ Y respectively. The SDW state is characterized by broken O(3) and Z 2 symmetries. On the mean-field level the breaking of Z 2 and O(3) symmetry occurs simultaneously. However, when one includes fluctuations, these transitions can be split. In case of joint transitions, they are usually both first order transitions 7 . The criterion for breaking the discrete Z 2 symmetry via a second order transition is a threshold value of the magnetic correlation length ξ. Decreasing the temperature leads to an increase of ξ. Before the correlation length diverges at the magnetic phase transition temperature, the threshold value will be reached and spin-driven nematicity sets in. This naturally explains why the magnetic and structural phase boundaries are correlated and leads to an intermediate phase with Z 2 symmetry breaking without O(3) symmetry breaking. This intermediate state is the nematic phase in the pnictides. It is characterized by unequal strength of the magnetic fluctuations associated with the ordering wave vectors Q X and Q Y :
In what follows we will outline the steps of Ref.7 and outline the mathematical model for spin-driven nematic phase. We start from a simplified itinerant model where we include the bands thear the Γ−point and the X− and Y − points in the Brillouin zone. For our main result no explicit knowledge of the detailed parametrization of the band structure is necessary. However, in order to obtain explicit numerical results we use the simplified model of Ref. 7 . We consider parabolic dispersions with
where m i are the band masses, ǫ 0 is the offset energy, and µ denotes the chemical potential. The corresponding Fermi surfaces are shown in Fig.1 . In order to study the the established stripe magnetic, we consider the Hamiltonian that contains the interactions in the spin channel with momenta near Q X and Q Y :
Here, c † i,kα is the creation operator of an electron with momentum k, spin α in the band i. The spin operator is given by
where λ αβ denotes the N 2 − 1 component vector of the generators of the SU (N ) algebra. In the case N = 2 it holds λ αβ = 1 2 σ αβ with vector of the Pauli matrixes σ. u s is the coupling in spin channel, which can be expressed in terms of density-density and pair-hopping interactions between hole and electron pockets 40 . The partition function is given by
Since, the interaction Hamiltonian is quadratic in the fermionic variables, we can decouple it using a HubbardStratonovich decoupling in the spin-channel. This way, we eliminate the quartic interaction between fermions at the expense of a functional integral over two additional bosonic fields ∆ X and ∆ Y , with N 2 − 1 components. The bosonic fields couple linearly to the corresponding fermionic spin densities. After introducing the spinor (7) we can write the partition function as:
with action:
Here, the matrix of the inverse Green's function G −1 k is given by:
with the bare term:
and the interacting term:
and N × N unit matrix 1. We invert the matrix equation (10) by expanding the geometric series and obtain the following expression for G ∆ that we will use later-on:
A. Effective action in the large-N expansion
In this section, we first show how to obtain the GinzburgLandau expansion of the effective action in powers of the spin fluctuation fields ∆ X,Y in the limit of large N . Next, we re-formulate this effective action in terms of the collective nematic Ising variable φ, and analyze the equation of state for φ. We deduce the condition for the onset of the nematic phase by examining the susceptibility of the nematic order parameter. We begin by integrating out the fermionic degrees of freedom from Eq (8). It follows:
Here, Tr (· · · ) refers to sum over momentum, frequency, spin, and band indices. We further expand in powers of ∆ X,Y to obtain:
After using a series of identities for the generators of the SU (N ) algebra, needed to evaluate the above traces (for details see A 2), we arrive at the following effective action in the large N limit:
with the coefficients:
We used the notation
bines the momentum k and the Matsubara frequency ω n = (2n + 1) πT .
Using the identities,
valid because the underlying Hamiltonian obeys the full C 4 symmetry, we can write the action in the more convenient form:
with coefficients
r 0 , u and g have been calculated as a function of temperature and band parameters in Ref. 7 . It was found that u > 0 and u > g in general. The coupling g vanishes for circular electron pockets, but is positive for a non-zero ellipticity. For positive g, we can minimize the action (20) to find that the ground state is indeed the striped phase with ∆ 
B. Nematic susceptibility in the large N expansion
In order to investigate the possibility of the nematic transition occuring before the magnetic transition, we follow the steps of Ref. 7 , and introduce two auxiliarly HubbardStratonovich scalar fields φ and ψ to decouple the quartic terms in the action (20) 
The resulting effective action is given by
where we have added a field h n conjugate to the nematic order parameter
This term is needed in order to calculate the susceptibility of the nematic order parameter. A finite value of φ implies non-zero expectation value of
and the system develops nematic order. The field ψ is always non-zero and describes the strength of magnetic fluctuations. In case of split magnetic and structural phase transitions, there is no magnetic order right below the structural transition temperature, i.e ∆ X,Y = 0. Next we integrate out the N 2 − 1 component fields ∆ X,Y . If we further rescale the coupling constants tog = g(N 2 − 1) and u = u(N 2 − 1), required to reach a sensible large-N limit, the effective action can be written as
We note that the effective action (23) has an overall pre-factor
For N ≫ 1 the integral over the fields φ and ψ can be performed via the saddle-point method, i.e. by analyzing the extremum of the action. After solving for
, we obtain the equations of state for φ and ψ:
By differentiating the second equation in (24), we find that, for small φ
where, from now on, we have shifted χ
k + ψ, which simply corresponds to the re-normalisation of the mass term due to fluctuations. Similarly to the result of Ref. 29 , we find that the susceptibility of the nematic order parameter
where χ −1 q is the inverse magnetic susceptibility, and
is the nematic coupling constant of the theory. In Ref. 7 it was found that for the classical phase transition and u/g > 2 the nematic transition pre-empts the magnetic transition, i.e. the transition lines are split. Also, the nematic transition was found to be of second order. This is the regime we are interested in. What we have calculated so far is the purely electronic contribution to the nematic susceptibility. One, however needs to include the effect of the lattice, as was pointed out in Ref. 21, 27 . The nemato-elastic coupling is given by the following Hamiltonian
where γ el is the nemato-elastic coupling constant and u the phonon displacement field. The phonons renormalize the nematic coupling constant to a frequency and momentum dependent couplingg
where c 0 s is the elastic constant. In particular, if one wants to determine the location of the nematic phase transition, which is dictated by the condition of divergent nematic susceptibility, one needs to look at the static limit of the coupling constant, i.e. the limit where ω = 0 is set to zero. This leads tõ g stat =g + . The full nematic susceptibility, including the effect of the coupling to the lattice, in the large N expansion is therefore given by
III. RAMAN RESPONSE FUNCTION
Raman scattering is a valuable tool to study strongly correlated electronic systems 41 , since it probes lattice, spin and electronic degrees of freedom. It has been used to extract the information about the momentum structure and symmetry of the excitations that exist in the system, in the concept of cuprates 30, [42] [43] [44] , and pnictides 45, 46 . The differential photon scattering cross section in Raman spectroscopy is directly proportional to the structure factor S:
which is related to the imaginary part to the Raman response function R through the fluctuation-dissipation theorem 47 . Here, n(ω) is the Bose-Einstein distribution function, and q = (q, ω). Since the momentum of light is much smaller than the typical lattice momentum, one normally replaces q ≈ 0 in Eq (32) .
The Raman response functions measures correlations between "effective charge density" fluctuationsρ,
The effective density, weigted by the form factors that can be changed via the geometry of the photom polarization, is defined asρ
σ is the spin index, i the band index, and the operator c † i,k,σ
creates an electron with spin σ and momentum k in band i, where i = X, Y, Γ. Due to the small momentum transfer of light scattering, the Raman vertex does not mix different bands. The function γ k is related to the incident and scattered photon polarization vectors and depends on the curvature of the bands 47 . By choosing the direction of the polarization of the incident and scattered light, one selects the γ k factor. This is because the incident and scattered polarization vectors transform according to the point group transformations of the crystal. For example, the B 2g channel probes the light scattering along the diagonals,
y , probes the k x and k y axes. In this way, one can probe the momentum dependence of the excitations in the system. Here, we will consider the intra-orbital contributions to γ k only, as this is the dominant process. The multi-orbital nature of different bands has been pointed out in Ref. 46 .
In order to determine the Raman response function, we couple an external source field to the weighted densities and introduce the generating functional W h according to:
where S [Ψ, ∆ i ] is given in Eq. (9) . The elements of the matrix V h in momentum/frequency, spin and band space are
with h being the field conjugate to the effective density. The Raman response function (33) is obtained by differentiating the generating functional W h (35) with respect to the conjugate field h:
Due to the single particle character of the source term, the generating functional Eq. (35) can be written in the form
Since W h contains the action that is quadratic in fermions, we integrate out the fermions and obtain:
We further expand:
(40) Then, using (39) and (37),
where S h is given by Eq (39). We define the matrix
A. Self-energy and vertex correction diagrams
Next, we analyse the leading order contributions to the Raman response function. These arise from the self-energy and vertex correction diagrams depicted in Fig 2. Both of these diagrams arise from differentiating the second term in the exponential (41) twice with respect to h
is the effective action given by (16) .
In order to get the vertex correction, we replace both G ∆ in (43) by G ∆ → G 0 V ∆ G 0 , which comes from the perturbative expansion of Eq (13):
In order to get the self-energy correction, we replace one of G ∆ in (43) by G ∆ → G 0 , and the other one by
Explicity written out, these diagrams depicted in Fig 2 read In the hot-spot approximation, where both k, and k − q are close to the Fermi momentum, see Fig 4, we find that
where γ HS k is the value of the function γ k at the hot-spot. There are two crucial observations about Eq (47) . First, the self-energy and vertex correction diagrams give cancellations for the γ k factors that do not change sign across different hotspots. This is the case for B 1g symmetry (see Fig 4) . Secondly, R S + R V is proportional to the logarithm of the magnetic correlation length ζ in d = 2:
where we have used r = ζ −2 .
B. Leading order Aslamazov-Larkin diagrams
Next we analyse the Aslamazov-Larkin contributions to the Raman response function. We will show that Aslamazov-Larkin diagrams probe different symmetries than the selfenergy and vertex correction Raman diagrams. We will also show that the leading order Aslamazov-Larkin diagram scales like square of the magnetic correlation length, as opposed to the logarithm of the magnetic correlation length which was the case for the vertex and self-energy correction diagrams.
The Aslamazov-Larkin contribution to the Raman response function, analyzed in Ref. 30 arises from differentiating the first term inside the exponential in (41) twice, and from replacing G ∆ → (G 0 V ∆ ) 2 G 0 , which comes from the perturbative expansion of Eq (13):
As we will see below, they key assumption of a description based on the Aslamasov-Larkin diagrams is that one neglects the interactions between spin fluctuations. In other words, one approximates the effective action in (49) by quadratic action
2 . While this assumption is frequently justified, it is not allowed in the theory of spin-driven nematicity, as we will show below.
The leading order Aslamazov-Larkin diagram, depicted in Fig 3 can be calculated as
where
similar to what was found in Ref 49.
Raman response in different symmetry channels
In the concept of the pairing symmetry in high-temperature superconductors, successful theoretical models supported by experiments have been developed in order to explain the symmetry sensitivity of the Raman response function 48 . Similarly, here, before we evaluate the leading order Aslamazov-Larkin diagram, we analyze the contribution to these diagrams in the various symetry channels. Higher order corrections that will be discussed later do not alter this symmetry based analysis. The main contribution to the integrals in (50) , comes from the regions in momentum space where all the momenta in Green's functions are close to the Fermi surface. These are the so (51)) might integrate to zero due to the contribution of different hot-spots across which it changes sign. The first argument in the brackets indicates the sign of γ factor in B1g channel, and the second one in the B2g channel at a given hot-spot. The response is zero in γ called hot-spots. At a given hot spot (see Figure 4 ) the function γ k is only slowly varying (as compared to the Green's functions in the above integral) and hence can be approximmated as a constant. However, depending on the form for γ k , it might change sign across different hot-spots. It is easy to see that γ
y has the same sign at all different hotspots; therefore the vertex Λ(k, Ω, ω) will not be zero for this choice of γ. However, if one choses for example γ B2g k = k x k y , it will have an alternating sign across different hotspots, which will result in the vertex Λ(q, Ω, ω) = 0. For details see Fig  4 . This is in good agreement with the experiment 28 , where an enhancement of the Raman response function has been seen in B 1g channel, but not in B 2g channel.
Explicit calculation of leading order Aslamazov-Larkin diagram
The leading order Aslamazov-Larkin diagram has been evaluated in Ref 30 , assuming that the main contribution comes from the hot-spot regions and that the momenta of the fluctuations are peaked around q ≈ Q X,Y . After the analytic continuation to the real frequencies, it was found that the imaginary part of the Raman response function, which is a quantity of experimental interest, is given by
with the spin propagator in the tetragonal phase given by:
In d = 2 the q integral Eq (52) in can be performed exactly, which leads to the following expression
with
We defined ǫ ± = ǫ ± ω/2. The plot of the function (54) is shown in Fig 3. In particular one can deduce that, in the regime T ≫ r, R 0 (ω) d=2 ≃ ωT r 2 for small frequencies ω, while the amplitude of the Raman response function scales as R max 0 (ω) d=2 ≃ T r in this regime. In principle, one could also deduce the dimensionality of the spin fluctuations by looking at the high-frequency tail of the Raman response function in the regime T ≫ r. We have found that R 0 (ω) d=2 ≃ T ω and R 0 (ω) d=3 ≃ T ω . However, it might be difficult to fit the experimental data to these curves, because the high-frequency tail of the spectrum is highly sensitive to which type of particle-hole continuum has been subtracted off in the experiment.
In summary, we have shown that the leading order Aslamazov-Larkin diagram probes B 1g symmetry because the form factor doesn't change sign across different hot-spots, while the self-energy and vertex correction Raman diagrams lead to partial cancellations in this case.
C. Higher order Aslamazov-Larkin-like diagrams
Next, we go beyond the quadratic action approximation for S eff in (49) , and include full quartic action in order to evaluate Raman response function. As we will show, diagrammatically this corresponds to inserting a series of fermionic 'boxes' that resemble the structure of the nematic coupling constantg into the leading order Aslamazov-Larkin diagram. These diagrams take into account the collisions between spin fluctuations which were not accounted for in the leading order Aslamazov-Larkin diagram.
First we show how these terms arise from the diagrammatic expansion. We start from Eq (49), but this time we go beyond the quadratic approximation for the effective action, and include quartic terms
We further expand the exponential
to obtain
where we averaged the following terms with respect to the Gaussian collective spin action:
S0
.
In order to evaluate the expectation values one performs contractions of the ∆ fields. We obtain a series of diagrams that look like the leading order Aslamazov-Larkin diagram with an arbitrary number of inserted fermionic boxes, depicted in Fig. 5 . One can, alternatively, connect the diagonally opposite corners of the box to bosonic propagators coming from the same triangular Raman vertex (rather than having them as depicted in Fig 5) . However, one can show that these types of diagrams are supressed by a factor of N 2 as compared to the ones depicted in Fig 5 ( compare Eqs.B2 and B5).
The higher order diagrams effectively take into account collisions between spin fluctuations, which have been neglected in the leading order Aslamazov-Larkin diagram. As one approaches the transition line, collisions between spin fluctuations become more and more important and one would anticipate significant changes in the Raman response function due to these processes. As we will show, the re-summation of boxed Aslamazov-Larkin diagrams will lead to the maximum of the Raman response function at the structural phase transition.
The next task is to re-sum an infinite number of such diagrams. Every box can be characterized by two indices: the first one denotes the type of incoming spin fluctuations, this can be either X or Y and the second the type of exiting spin fluctuation. Let us denote this box B α,β . Summing all boxed diagrams can be most efficiently expressed as: In principle the above 'box' B αβ (q, q ′ , Ω, Ω ′ , ω) depends on incoming (Ω, Ω−ω) and outgoing frequencies (Ω ′ , Ω ′ −ω) and momenta q, q ′ . We approximate
, which is justified for small incoming Raman frequency ω, and in the classical regime relevant near a finite temperature phase transition, where bosonic frequencies are close to zero. If we do this, we can write the Raman reponse function in the tetragonal phase in the limit of small incoming frequency ω:
where R 0 (ω) is the leading order diagram. In the hot-spot approximation the vertex Λ(ω, 0, q) = Λ(ω) does not depend on the momentum which is peaked around q ≈ Q X,Y . Similarly, the main contribution to the 'box' B αβ (q, q ′ , 0, 0, 0) = B α,β will not depend on the momenta q and q ′ . The symmetry of the Raman vertices is such that
This relation can be obtained by simply performing a coordinate system rotation by π/2 inside the momenta integrals in (51) . This allows us to explicitly perform the matrix multiplication, which yields:
Next we need to determine an expression for the full box B α,β , i.e. perform a sum over the leading box-diagrams within the 1/N expansion. This is illustrated in Fig 5 and can be written as:
The matrix B was deduced from Eq (59) and Eq (B4). For details about explicit evaluation of the SU (N ) trace pre-factor (which arises from contractions of products of λ matrices in (12)) of boxed diagram containing arbitrary number of boxes m please see Appendix B. The matrix B of irreducible boxes is then given as
where we used the abbreviation
and used that by symmetry:
The mth power of the matrix B is given by
where g ± = g XX ± g XY . From this it follows that
is precisely the nematic coupling constant in Eq (21) for the effective action. After performing the analytic continuation to real frequencies and taking the imaginary part, we get that
is the electronic contribution to the nematic susceptibility calculated in the large N limit 12 for the model described in Section II A. As was pointed out in Ref 27 , the enhancement of static nematic coupling constant (31) does not enter the Raman response, due to the fact that the Raman response operates in the dynamical limit (q = 0 and finite ω), and the static and dynamic limit do not commute 27 . At the nematic / structural phase transition the nematic susceptibility (30) diverges, and g + γ 
This results in the maximum of the Raman response function (69) at the structural phase transition.
IV. CONCLUSION
In summary, we have shown that the Raman scattering can be used as a tool to probe the existence of the nematic phase in pnictides. We have presented a calculation that demonstrates that, in the low-frequency limit, and large N limit, the Raman response function shows a clear maximum at the structural transition temperature.
In our model, the electronic nematic phase in pnictides is stabilized by spin-fluctuations associated with the striped phase, and occurs as a thin sliver above the magnetic transition temperature. In order to calculate the Raman response function, we have gone beyond the leading order AslamazovLarkin diagram, and included higher order diagrams that contain a series of quartic paramagnon couplings, mediated by electronic excitations. Such quartic couplings contain a product of four fermionic Green functions and include the effect of collisions between spin fluctuations. When re-summed these diagram lead to the maximum of the electronic Raman response function at the structural transition.
The method that we developed analysed the Raman response function only in the regime of small frequencies. It would be desirable to extend it to the entire frequency range, such that one can analyse the entire shape of the Raman response function as a function of temperature, and possibly be able to extract some information about the dynamical nematic susceptibility.
Further, one might expect a charge driven nematic phase to have similar signatures in the Raman response function. This could be relevant to the peculiar case of FeSe, where the nematic phase has been detected, but no magnetic phase has been seen 24 . In order to do so, we would need to develop a theoretical method that goes beyond large N expansion.
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Here d kjl is symmetric under the exchange of its indices, while f kjl is antisymmetric under the exchange of neighbouring indices. Further, some useful relations for the summations of structure constants can be derived 50, 51 , which read
The identity (A7), follows from considering Useful identities that involve the traces of the SU (N ) matrices are
In order to analyse the trace of the product of four SU (N ) generators
we used the identity (A3) in the first line, as well as Eq (A9) and Eq (A11) in the second line. These results will be of importance for the subsequent analysis of higher order diagrams.
Effective action from tr log expansion
First we calculate the quadratic terms in the free energy expansion. This is given by
where α = X, Y and we used the identity (A11). Next we calculate the quartic term in the free energy expansion
We further substitute the identity (A12) in (A14), to write
Let us examine the K 2 term in Eq (A17) and assume that the R akl ∼ N p , where p is the leading power dependence on N for large N . We have that R akl R bkl = d akl d bkl − f akl f bkl , which follows from (A4) and the antisymmetry of f . If we further use the identities (A5) and (A6), it follows that R akl R bkl = − 
We note that in the large N approximation there are no ∆ X · ∆ Y terms in the action; however if one considers corrections to large N these terms might appear in the effective action.
Appendix B: Identities containing products of traces of SU (N ) generators
In this appendix we derive further identities for the traces of the SU (N ) generators, which have been used to deduce the dependence of the Aslamazov-Larkin boxed diagrams on N . In particular, we would like to calculate T m := Tr (λ i1 λ i2 ) Tr (λ i2 λ i1 λ i3 λ i4 ) × Tr (λ i4 λ i3 λ i5 λ i6 ) . . . × Tr λ i2m λ i2m−1 λ i2m+1 λ i2m+2 × Tr λ i2m+2 λ i2m+1 .
We begin by considering m = 1. Written out explicitly, it follows: 
where we have used (A11) and (A12) to get to the second line, and the fact that R iir = 0 in the penultimate line, which is a consequence of (A7) and the antisymmetry of f . Using the same set of identities, we find that 
Similarly, one can deduce that
Using the same reasoning, one can calculate another trace combination such as:
We note that T diag 1 ≪ T 1 in the large N expansion; in particular it is smaller by a factor of O(N −2 ). Using these results one can develop a controlled large-N analysis of the Raman response in spin-driven nematic systems.
